Long-duration c-ray bursts are associated with the explosions of massive stars 1 and are accordingly expected to reside in star-forming regions with molecular gas (the fuel for star formation). Previous searches for carbon monoxide (CO), a tracer of molecular gas, in burst host galaxies did not detect any emission [2] [3] [4] . Molecules have been detected as absorption in the spectra of c-ray burst afterglows, and the molecular gas is similar to the translucent or diffuse molecular clouds of the Milky Way 5, 6 . Absorption lines probe the interstellar medium only along the line of sight, so it is not clear whether the molecular gas represents the general properties of the regions where the bursts occur. Here we report spatially resolved observations of CO line emission and millimetre-wavelength continuum emission in two galaxies hosting c-ray bursts. The bursts happened in regions rich in dust, but not particularly rich in molecular gas. The ratio of molecular gas to dust (,9-14) is significantly lower than in star-forming regions of the Milky Way and nearby star-forming galaxies, suggesting that much of the dense gas where stars form has been dissipated by other massive stars.
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We selected the two c-ray burst (GRB) hosts (GRB 020819B at a redshift of z 5 0.41 and GRB 051022 at z 5 0.81) with high star-formation rates (SFRs) and high gas metallicity among GRB host galaxies to maximize the possibility of detecting the CO emission line and dust continuum emission. The GRB 020819B host shows an extinctioncorrected SFR of ,10-30M [ yr -1 (where M [ indicates solar mass) derived from ultraviolet continuum emission, the Ha emission line, and spectral energy distribution (SED) fitted using infrared data [7] [8] [9] . The SFRs at spatially resolved positions are also derived from the Ha emission line, which are 10.2M [ yr -1 and 23.6M [ yr -1 at the nuclear region and at the GRB explosion site, respectively 8 . The host galaxy of GRB 051022 shows an extinction-corrected SFR of ,20-70M [ yr -1 derived from ultraviolet continuum emission, the [O II] emission line at rest-frame wavelength l 5 3727 Å , the SED fitted with infrared data, and radio continuum emission 7, [9] [10] [11] . The gas metallicity is measured at the GRB 020819B site, the nuclear region of the GRB 020819B host, and at the GRB 051022 host, and they all have at least solar metallicity 8, 12 . The two GRBs are classified as 'dark GRBs' 13, 14 , whose afterglow is optically dark compared with what is expected from X-ray afterglows 15 . The origin of the dark GRBs is not yet well understood, but a plausible explanation is dust obscuration along the line of sight to GRBs [16] [17] [18] [19] . We conducted observations of the CO emission line and 1.2-mm continuum towards the GRB hosts using the Atacama Large Millimeter/submillimeter Array (ALMA). We observed the redshifted CO(3-2) line for the GRB 020819B host and the CO(4-3) line for the GRB 051022 host. The angular resolution is ,0.899 3 0.799 (,4 kpc 3 4 kpc) and ,1.099 3 0.799 (,8 kpc 3 5 kpc) (full-width at half maximum; FWHM) for the GRB 020819B host and the GRB 051022 host, respectively. The GRB 020819B host is spatially resolved in the observations. The CO emission line is clearly detected at the nuclear region of the GRB 020819B host and the GRB 051022 host (Figs 1a and d and 2). While molecular gas has been detected in absorption in spectra of GRB afterglows 5, 6 , this is the first case for detecting spatially resolved molecular gas emission in GRB hosts [2] [3] [4] . The component size of the CO emission (deconvolved from beam) derived from a Gaussian fitting is 3.2 3 1.5 kpc (FWHM). The molecular gas mass estimated from the CO emission is M gas 5 2.4 3 10 9 M [ and 2.1 3 10 9 M [ for the nuclear region of the GRB 020819B host and the GRB 051022 host, respectively (see Methods and Table 1 ). The molecular gas mass is comparable to those of local massive spiral galaxies 20 , and lower than those of z < 1-2 normal star-forming galaxies 21 or submillimetreluminous galaxies 22, 23 . The fraction of molecular gas mass to stellar mass 7, 24 for the hosts is ,0.1, which is comparable to those of local spiral galaxies 20 . The 1.2-mm continuum emission is also detected in both GRB hosts (Fig. 1b, e) . The spatially resolved continuum map of the GRB 020819B host shows that the emission is significantly detected only at a starforming region ,399 (16 kpc in projection) away from the nuclear region, where the GRB explosion occurred. The size of the continuum emission deconvolved from the telescope beam is ,1.7 kpc 3 1.0 kpc. We regard the continuum emission as dust thermal emission originating in star-forming activity (see Supplementary Information). By assuming that the dust emission is described as a modified blackbody and using the dust temperature and emissivity index derived from fitting, we derive the dust masses of M dust 5 4. for the GRB 051022 host, respectively. The SFRs are comparable to the extinction-corrected SFRs derived from ultraviolet and optical observations, suggesting that there is no sign of an extra, optically completely invisible portion of star formation that cannot be recovered by extinction correction.
Of particular interest is that the spatial distributions of molecular gas and dust are clearly different in the GRB 020819B host. The ratio of molecular gas mass to dust mass of the GRB 020819B host is .51-60 and ,9-14 (3s limits with uncertainty from dust mass) at the nuclear region and the GRB site, respectively. The ratio in the GRB site is significantly lower than that of the nuclear region, indicating that the GRB occurred under particular circumstances within the host. The molecular gas-to-dust ratio at the GRB site is also lower than those of the Milky Way and nearby star-forming galaxies 25 , suggesting that the star-forming environment where GRBs occur is different from those in local galaxies. While the correlation between gas-to-dust ratio 
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and metallicity has been observed 20, 25 , it is unlikely that the large difference between the GRB site and the nuclear region is attributable to the difference in metallicity because both regions have a similar metallicity 8 . The difference of distribution between molecular gas and dust is also seen in the GRB 051022 host and the GRB site seems to be a dustrich region, although the angular resolution is not good enough to be certain. The possible reasons for the deficit of molecular gas in the GRB site are that much of the dense gas where stars form has been incorporated into stars, or dissipated by a strong interstellar ultraviolet radiation field, which is expected in regions with intense star formation. The lack of molecular gas in optical spectra of GRB afterglows has been reported 26 and a possible explanation is the dissociation of molecules by ambient ultraviolet radiation with 10-100 times the Galactic mean value from the star-forming regions where GRB progenitors reside 26, 27 . GRB hosts with a mean ultraviolet radiation field of 35-350 times the Galactic mean value have been observed 28 . The molecular gas-to-dust ratio in GRB hosts could be an important indicator of an environment where GRBs occur.
The occurrence of GRB 020819B in a dust-rich region supports the idea that the dust extinction is the cause of the darkness of the optical afterglow 13, 24 . The molecular gas-to-dust ratio in the GRB site is comparable to or lower than the ratios in nuclear regions of local galaxies of ,20-40 (ref. 29 ) and submillimetre-luminous galaxies of ,50 (ref. 30) , suggesting the existence of GRBs that could occur in dusty galaxies such as submillimetre-luminous galaxies.
METHODS SUMMARY
We conducted ALMA observations of the GRB 020819B host and the GRB 051022 host at 245.072 GHz and 255.142 GHz, respectively, with a bandwidth of 1,875 MHz and with 24-27 antennas. The data were reduced with the Common Astronomy Software Applications package in a standard manner. The maps were processed with the CLEAN algorithm with Briggs weighting (with the robust parameter equal to 0.5). The final synthesized beam size (FWHM) is ,0.899 3 0.799 and ,1.099 3 0.799 for the GRB 020819B host and the GRB 051022 host, respectively. We derived the molecular gas mass of M gas 5 (2.4 6 0.2) 3 10 
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) because the metallicity of the two hosts is close to the solar metallicity. To estimate a dust temperature and an emissivity index, we fitted a single temperature modified blackbody form to the far-infrared-millimetre photometry of the ALMA 1.2-mm data and the Herschel Space Observatory 100-mm, 160-mm and 250-mm data. The best-fitting results are T dust 5 28 6 3 K and b 5 1.9 6 0.3 for the GRB 020819B host and T dust 5 34 6 6 K and b 5 1.8 6 0.5 for the GRB 051022 host. By using the best-fitting modified blackbody functions, we derived dust masses of (4.8 6 1.0) 3 10 7 M [ and (2.9 6 0.9) 3 10 7 M [ for the GRB 020819B site and the GRB 051022 host, respectively.
Online Content Any additional Methods, Extended Data display items and Source Data are available in the online version of the paper; references unique to these sections appear only in the online paper.
METHODS
Observations, data reduction and results. We conducted ALMA band-6 observations of the GRB 020819B host on 2012 November 17 with 27 antennas and the GRB 051022 host on 2012 November 21 and December 2 with 24 antennas during the ALMA cycle-0 session. The range of baseline lengths of the configuration is 15-402 m and 15-382 m for the observations of the GRB 020819B host and the GRB 051022 host, respectively. The maximum recoverable scale (the largest angular structure to which a given array is sensitive) for the array configurations is 1099, which is large enough to cover the angular scale of the host galaxies. The correlator was used in the frequency domain mode with a bandwidth of 1,875 MHz (488.28 kHz 3 3,840 channels). Four basebands were used, giving a total bandwidth of 7.5 GHz. We observed the redshifted CO(3-2) line at 245.072 GHz for the GRB 020819B host and the redshifted CO(4-3) line at 255.142 GHz for the GRB 051022 host. Uranus was observed as a flux calibrator and a quasar J2253 1 161 (3C454.3) was observed for bandpass and phase calibrations. The on-source time is 47 min and 71 min for the GRB 020819B host and the GRB 051022 host, respectively. The data were reduced with the Common Astronomy Software Applications 31 package in a standard manner. The maps were processed with the CLEAN algorithm with the Briggs weighting (with robust parameter of 0.5). The final synthesized beam size (FWHM) is ,0.899 3 0.799 and ,1.099 3 0.799 for the GRB 020819B host and the GRB 051022 host, respectively. 1.2-mm continuum maps were created with a total bandwidth of ,7.5 GHz, excluding channels with emission line. CO emission and 1.2-mm continuum emission are detected at both GRB host galaxies (Figs 1a, b, d and e, and 2). The GRB 020819B host is spatially resolved in the observations, while the GRB 051022 host is not. The velocity-integrated CO intensity is S CO(3-2) 5 0.53 6 0.04 Jy km s 21 and S CO(4-3) 5 0.19 6 0.03 Jy km s 21 at the nucleus of the GRB 020819B host and the GRB 051022 host, respectively. The 1.2-mm continuum flux density is S 1.2 mm 5 0.14 6 0.03 mJy and S 1.2 mm 5 0.10 6 0.03 mJy at the explosion site of GRB 020819B and the GRB 051022 host, respectively. Molecular gas mass. CO luminosity is derived from L9 CO 5 3. M [ for the nuclear region of the GRB 020819B host and the GRB 051022 host, respectively. Photometry of Herschel Space Observatory 36 data. We used the Herschel Photodetector Array Camera and Spectrometer (PACS) 37 data in the archive. We conducted aperture photometry on the 160-mm image of the GRB 051022 host with SExtractor 38 and obtained a flux density of S 160 mm 5 12 mJy (with about 30% photometry error). There is no significant contamination from nearby sources to the photometry. The FWHM of the source size is ,1499 at 160 mm, which is comparable to the FWHM of PACS beam size 37 . We also measured the centroid of the 100-mm emission of the GRB 020819B host and found that the emission is in between the galaxy centre and the peak of 1.2-mm continuum. It is possible that dust is more widely spread in the host galaxy, although the angular resolution is inadequate (FHWM of ,799). Modified blackbody fit. To estimate a dust temperature (T dust ) and an emissivity index (b), we fitted the far-infrared-millimetre photometry data of Herschel at 100 mm, 160 mm and 250 mm (ref. 9) , and ALMA at 1.2 mm with a single temperature modified blackbody form of S v / v 3 1 b /(exp(hv/kT dust ) 2 1), where S v is the flux density and v is the frequency (Extended Data Fig. 1 ). The best-fitting results are T dust 5 28 6 3 K and b 5 1.9 6 0.3 for the GRB 020819B host and T dust 5 34 6 6 K and b 5 1.8 6 0.5 for the GRB 051022 host. We note that the missing flux in the ALMA observations in the scale of the PACS beam size is negligible. The dust temperatures are within the typical range of z < 0-2 star-forming galaxies 39, 40 . The dust temperatures of the hosts were derived in a previous study with a SED model fit to optical-infrared data including Herschel photometry 9 : T dust 5 24.4 K and 52.6 K for the GRB 020819B host and the GRB 051022 host, respectively. The dust temperature of the GRB 051022 host is higher than in this work. This may be due to their lack of photometric data at .160 mm, which is essential to fit dust SED. Dust mass, far-infrared luminosity and SFR. By using the best-fitting modified blackbody functions, we estimated dust mass, far-infrared luminosity and SFR. M [ for the GRB 020819B site and the GRB 051022 host, respectively. If we use the dust temperature of 52.6 K for the GRB 051022 host estimated in a previous work 9 , the derived dust mass would be about a factor of two lower, which has no effect on the discussion in the main text. 
